In order to reveal the structure of the polysaccharide and its contribution to the biological adhesion system of Parthenocissus heterophylla, a water-soluble polysaccharide (PT-A) was isolated from tendrils using DEAE-cellulose and Sephadex G-100 columns. PT-A mainly consisted of a backbone of (1→3)linked-β-D-Galp residues and substituted at O-6 with side chains of (1→5)-linked-α-L-Araf residues and glucomannopyranosyl residues. Individual polysaccharide chains of PT-A with the approximately height of 0.75 nm were observed by AFM. The analysis of force curves indicated that PT-A was a kind of elastic polysaccharide with a maximum adhesion force of 279.98 nN, which could be applied as a potential bio-adhesive.
Parthenocissus heterophylla (Blume) Merr., belonging to the Vitaceae, is a remarkable tendril climbing plant that can firmly adhere to different supports by secreting an adhesive compound from its tendrils. Its unique biological adhesion system has attracted much attention from scientists since Darwin's time [1a] . Previous studies mainly focused on microstructural observation of tendrils [1b, 1c] , cytochemical studies [1d-1f] , quantification of adhesion strength [1g] and bionic fabrication [1h] . The adhesive from the tendrils has been considered to be a kind of polysaccharide. However, there are only few reports about the chemical structure of this adhesive [1e, 1i] . Therefore, the main objective of this study was to identify the structure of the water-soluble polysaccharide (PT-A) from the tendrils of P. heterophylla by a series of chemical and instrumental methods. The force curves collected by atomic force microscopy (AFM) were used to evaluate the adhesive ability of PT-A.
The homogeneity of PT-A was determined by HPGPC and the weight-average molecular weight was about 3.53 ×10 5 Da according to the calibration curve. No absorption at 280 nm and 260 nm in the UV absorption spectra indicated the absence of protein and nucleic acid. The composition of sugars, as determined by acid hydrolysis and GC, was arabinose (28%), mannose (23%), galactose (32%) and glucose (17%).
The IR spectrum of PT-A showed a characteristic wide band at 3413 cm -1 due to hydroxyl groups and a weak band at 2941 cm -1 resulting from C-H stretch [2a] . Three bands in the region of 1200-1000 cm -1 were dominated by the glycosidic linkages ν(C-O-H) and ν(C-O-C) contributions, which suggested that the monosaccharides in PT-A had pyranose-rings [2b,c]. The absorption peak at 924 cm -1 corresponded with the symmetrical stretch of furan-type glycosidic rings [2d]. Two weak bands at 891 and 833 cm -1 were attributed to β-and α-type glycosidic linkages [2e], which were in good agreement with the anomeric signals at δ 4.39 to 4. 44, 5.04, 5.23, 5.30, 5.37, 5.47 and 5.50 in the 1 H NMR spectrum of PT-A.
After periodate oxidation for 72 h, a total of 0.82 mol of NaIO 4 was consumed by PT-A and 0.16 mol of formic acid was liberated. The amount of consumed periodate was about five times as much as that of the formic acid, indicating that PT-A contained not only 1,6linked but also 1,2-, 1,4-or 1,5-linked glycosidic linkages. After Smith degradation, glycerol and galactose were found by GC, which indicated that the C-4 hydroxy group of the glycosyl residues was free. Therefore, PT-A was mainly composed of 1,2-, 1,5-and 1,6-glycosidic linkages, as well as (13)-linked and/or (13,6)linked galactosyl residues.
To further confirm the position of the glycosidic linkage, PT-A was methylated three times until there were no hydroxyl absorption band in the range 3600-3000 cm -1 in the IR spectrum. The results of methylation are summarized in Table 1 . Arabinosyl units were substituted at either O-5 (Araf) and/or O-4 (Arap), according to the 2,3-Me 2 -Ara derivatives. However, the 13 C NMR signal of PT-A at δ 109.31 demonstrated that the arabinosyl units were all in the furanose form. The presence of 2,4-Me 2 -Gal and 2,4,6-Me 3 -Gal derivatives revealed that the galactosyl residues were 1,3,6-linked and 1,3-linked in the pyranose form, which is in accordance with the analysis of Smith degradation. The non-reducing ends of glucose and O-6 substituted glucosyl residues were also found according to 2,3,4,6-Me 4 -Glc and 2,3,4-Me 3 -Glc derivatives. The mannitol derivatives were involved in two types of linkages, which probably formed a branched linkage with the glucosyl units. The 13 C NMR spectrum of PT-A contained seven signals in the anomeric carbon region, which also reflected the complexity of the polysaccharide. The characteristic signal at δ 109.31, indicative of furanosyl rings, was from C-1 of the A residues [3a] . anomeric carbon signals at δ 100.60 and 98.77, which were assigned to C-1 of the F and G residues [3e,3f]. Based on previously published NMR data [3a-3k] , all the assignments of the carbon atoms signals of PT-A are reported in Table 2 .
According to the above analysis, PT-A was composed of a backbone of (1→3)-linked-β-D-Galp residues and substituted at O-6. The branches contained 1,5-α-L-Araf, 1,2-α-D-Manp, 1,2,6-α-D-Manp, 1-α-D-Glcp and 1,6-α-D-Glcp residues.
AFM is an excellent tool to characterize biopolymers and measure the adhesion force on the nanoscale. As shown in the AFM image of PT-A ( Figure 1A) , a long rope-like structure with some branches is formed on the mica surface and the aggregates, caused by the entangled branches, are also observed in some areas. Section analysis suggested that the height of the chain was about 0.75 nm, whereas its width (≈ 12 nm) was almost sixteen times longer than its height. This was attributed to the effect of probe broadening, which was related to the shape and size of tip, as well as scanning speed [4a] . Similar cases have been reported for bacterial polysaccharides [4b, 4c] . Generally, the size of individual molecular chains for the polysaccharide was 0.1-1.0 nm. Therefore, the ropelike structure formed by PT-A was the single polysaccharide chain. In addition, the worm-like structure found in the cubic AFM image ( Figure 1B) was ascribed to the random coil of side chains in the polysaccharide [5] .
In order to evaluate the adhesion ability of PT-A, a total of forty force curves were captured by AFM when the concentration of sample was 1 mg/mL. One of these is shown in Figure 2 after conversion into force-distance curves. The sharp upward line was not absolutely straight and an inflection point f appeared in the retraction curve, indicating the existence of elasticity. The slope of the constant-compliance region (bc) in the approach curve was also the evidence for elasticity [6] . By calculation with the spring constant of the cantilever, the maximum value of the adhesion force for PT-A was 279.98 nN. To ensure that the adhesion force primarily originated from PT-A, we also measured the adhesion force on a bare mica surface, which was only about 38 nN. Compared with other bio-adhesives from animals and plants, we were surprised to find that the adhesion force generated by PT-A was close to that of geckel adhesive [7] and nanoparticles from English ivy [8] , indicating that PT-A is a potential bio-adhesive.
Experimental
General: UV absorption spectra were measured by a UNICAM UV-500 spectrophotometer. The IR spectra were recorded on a Bruker Vector 33 FTIR spectrometer in a KBr pellet. GC and GC-MS were carried out using an Agilent 6890N instrument equippedwith OV-1701 (acid hydrolysis), HP-5 (Smith degradation) and DB-225 (methylation) capillary columns. The 1 H and 13 C NMR spectra were performed in 99.99% D 2 O (1 mL) using a Bruker Avance Digital 400 MHz spectrometer. 
Extraction and purification of polysaccharide:
The tendrils of P. heterophylla were collected from Guangzhou, Guangdong Province of mainland China. The plant sample was identified by South China Botanical Garden Herbarium (IBSC). After pretreatment with EtOH to remove lipid and pigment, the dried residues were extracted 3 times with distilled water at 90 °C for 3 h. The combined aqueous extracts were filtered, concentrated and precipitated with 3 volumes of 95% EtOH. The precipitates were collected by centrifugation, washed with ethanol, acetone and diethyl ether, and then dried to obtain a crude polysaccharide with a yield of 4.08%. After protein removal, the crude material was subjected to a DEAE-cellulose column (2×40 cm) and eluted stepwise with 0, 0.1, 0.3, 0.5 and 1 M NaCl at a flow rate of 0.5 mL/min. The eluate was collected and analyzed by the phenol-sulfuric acid method [9] . The 0.1 M NaCl eluate was concentrated, dialyzed and then further purified on a Sephadex G-100 column (2×40 cm), eluting with 0.1 M NaCl at a flow rate of 0.5 mL/min. The appropriate fractions were combined, dialyzed and dried to give PT-A (586 mg).
